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 
Abstract—An InGaAsP-Si hybrid single-mode laser based on 
etched slots in silicon waveguides was demonstrated operating at 
1543 nm. The InGaAsP gain structure was bonded onto a 
patterned silicon-on-insulator (SOI) wafer by selective area metal 
bonding (SAMB) method. The mode-selection mechanism based 
on a slotted silicon waveguide was applied in which the 
parameters were designed using the simulation tool “Cavity 
Modeling Framework” (CAMFR). The III-V lasers employed 
buried ridge stripe (BRS) structure. The whole fabrication 
process only needs standard photolithography and inductively 
coupled plasma (ICP) etching technology, which reduces cost for 
ease in technology transfer. At room temperature, a single mode 
of 1543 nm wavelength at a threshold current of 21 mA with a 
maximum output power of 1.9 mW in continuous-wave regime 
was obtained. The side mode suppression ratio (SMSR) was larger 
than 35 dB. The simplicity and flexibility of the fabrication 
process and a low cost make the slotted hybrid laser a promising 
light source. 
 
Index Terms—Hybrid silicon laser, slots, CAMFR, single-mode 
laser, buried ridge stripe (BRS) structure, selective area metal 
bonding (SAMB) method 
 
I. INTRODUCTION 
N recent years silicon photonics as an integration platform 
has been a focus of optoelectronics research because of 
promise of low-cost, high-volume, manufacturing in silicon 
allowing for economical optical interconnects in applications 
[1]-[2]. Optical interconnects to and on silicon-on-insulator 
(SOI) substrates are now being considered as a promising 
candidate to overcome the limitations of electrical 
interconnects [3]. However, the fabrication of an efficient laser 
on the silicon platform is still challenging due to silicon’s 
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indirect bandgap. Among the several types of III-V/Si hybrid 
lasers [4]-[5], bonding is one of the most effective and practical 
ways to realize silicon hybrid lasers, where the optical mode of 
an III-V laser evanescently couples to a silicon waveguide. 
Quite a few of bonding methods have been used to develop 
silicon evanescent lasers, such as direct wafer bonding [6]-[8], 
benzocyclobutene (BCB) bonding [9]-[10], and selective area 
metal bonding (SAMB) [11]-[12]. Of these bonding methods, 
the SAMB method shares the following advantages of other 
bonding methods: low thermal stress, no critical cleanness 
requirement, good thermal conductivity and electrical 
performance [12]. In this letter, we choose the SAMB method 
to realize the hybrid InGaAsP-Si evanescent laser, which 
laterally separates the optical coupling area and the metal 
bonding area to avoid strong light absorption of metal in the 
optical coupling area. 
For achieving single-mode silicon hybrid lasers, distributed 
feedback (DFB) or distributed Bragg reflection (DBR) 
resonators have been bonded on the SOI platform [13]. In 
addition, etching distributed feedback gratings on the SOI 
platform by holographic lithography and based on SAMB 
bonding technology can also achieve single-mode lasing [14]. 
However, fabrication of these devices generally needs 
expensive, time-consuming manufacturing techniques such as 
electron-beam (e-beam) lithography and focused ion beam for 
patterning, which is quite expensive compared with the 
standard photolithography, and often requires complex regrow 
steps. For avoiding the complex regrowth, high-resolution 
processes and expensive e-beam lithography, a single-mode 
laser has been presented, which relied on slots along the cavity 
in a Fabry-Perot (FP) laser, and slots within the cavity result in 
effective index perturbations that introduce a modulation and 
improve the spectral purity of FP lasers. The slotted lasers have 
been demonstrated with very good characteristics [15]-[16]. 
Based on it, slotted feedback single-mode hybrid lasers have 
been demonstrated [17]-[18]. By etching optimized slots on 
silicon waveguides, researchers have achieved single-mode 
hybrid lasers by a direct bonding method. The main advantage 
of this technique is that it minimizes the fabrication complexity 
thereby increases reliability while reducing cost. In this letter, 
we combine the SAMB bonding method and slotted 
waveguides to demonstrate a single-wavelength hybrid III-V/Si 
laser for the first time. Compared with previous work [19], the 
p-InP substrate flip-chip bonding method is a thick-film 
bonding method, which can greatly improve the bonding yield. 
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These slot parameters were calculated by the simulation tool 
CAMFR [20] and fabricated through standard low-cost 
semiconductor processes. Finally we obtain a 21 mA threshold 
current with a maximum output of 1.9 mW in continuous-wave 
regime at room temperature. The side-mode suppression ratio 
(SMSR) is larger than 35 dB from experiments. 
 
II. DEVICE STRUCTURE AND SIMULATIONS 
The three-dimensional (3-D) schematic structure and the 
transverse cross-section of the slotted InGaAsP-Si hybrid laser 
are shown in Figs. 1(a) and 1(b). A buried ridge stripe (BRS) 
InGaAsP structure is flip-chip bonded onto a pattern SOI wafer 
with SAMB method and etched slots are outside the III-V 
structure. The III-V laser has the same epitaxial structure as in 
[13]. The SOI substrate has a 500nm-thick top silicon layer and 
a 2µm-thick SiO2 layer. The strip waveguide is formed on the 
top silicon layer with a width of 3 µm. In this structure, one side 
of the Si waveguide has multiple uniformly distributed slots, 
 
 
which act as a high-order surface DBR and a single mode is 
specifically selected. So in simulations, we only consider the 
SOI part. 
The slot parameters on SOI waveguides such as the slot 
width ds, the spacing dw, the slot depth, and the slot number are 
key parameters that influence the hybrid laser single-mode 
performance and have to be optimized in the design. We use the 
simulation tool CAMFR to calculate and optimize these slot 
parameters. The simplified two-dimensional (2-D) structure on 
SOI substrates in the simulation is shown in Fig. 1(c). In the 
simulation, the index of refraction of Si and SiO2 are 3.47 and 
1.47, respectively. The Bragg wavelength was always set to be 
1550 nm. 
The contour plots of the calculated amplitude reflection are 
given in Fig. 2, which show that the slot width ds and spacing dw 
influence the reflection strongly at different slot depths of 100 
nm, 200 nm and 300 nm. In the simulation we set the slot 
number to be a fixed value of 100. The slot width of around 1 
µm was the focus, so the slots can be fabricated by standard 
photolithography. There exists high reflection peaks with slot 
widths of around 1.1 µm. Therefore, we obtain the optimized 
slot width and spacing at every slot depth with the maximized 
reflection as the optimizing parameters. 
Based on the simulation results above, the amplitude 
reflection versus the slot number was calculated at every slot 
depth as shown in Fig. 3. In the simulation, the slot width and 
spacing from Fig. 2 were used. In Fig. 3, with the increase of 
the slot number, the amplitude reflection increases until it 
gradually saturates. In this case, for the trade-off between 
maximizing the reflectivity and minimizing the size of whole 
 
(a) 
 
(b) 
 
(c) 
 
Fig. 1. (a) 3-D schematic structure of the hybrid laser. (b) The 
transverse cross-section of the slotted hybrid laser. (c) Simplified 2-D 
structure with the slots on silicon waveguide in simulation. 
  
(a)                                  (b)                                   (c) 
Fig. 2. Contour plots of the simulated amplitude reflection versus slot 
width ds (micron) and spacing dw (micron) with the slot depths of (a) 100 
nm, (b) 200 nm, (c) 300 nm. 
 
Fig. 3. Calculated amplitude reflection from a group of slots versus the 
slot number with the slot depths of 100 nm, 200 nm, and 300 nm, 
respectively. 
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device, the slot number should be small. So the slot depth of 
300 nm was chosen as the optimized parameter with the slot 
number of about 25. The reflection spectrum has narrow 
bandwidth of about 2.1 nm according to our calculation. This 
helps achieve a good mode operation with the minimum 
threshold. This suggests that the total length of the slotted 
region of the SOI waveguide is 185 µm, which keeps the slotted 
region of the SOI waveguide outside the bonded III-V structure 
with the 300µm-length single chip.  
From the simulation results above, the optimized slot width 
and spacing of 1.1 µm and 6.3 µm were obtained, respectively. 
The slot number is 25 at the slot depth of 300 nm. Based on the 
simulation results, the slotted hybrid laser was fabricated with 
the optimized slot parameters and measured the device 
characteristics as follows. 
  
III. FABRICATION 
The III-V wafer structure was grown on a p-InP substrate by 
two-step metal organic chemical vapor deposition   (MOCVD). 
In the first growth step, a p-InP buffer and an i-InP layer were 
grown on the substrate. The active layer consists of InGaAsP 
multi-quantum wells (MQWs) active region, which is bounded 
by the separate confinement hetero-structure (SCH) layer. Then 
a 3 μm wide ridge down to the p-InP layer was achieved by 
photolithography and wet chemical etching in bromine solution. 
In the second MOCVD growth, a 500 nm thick n-InP cladding 
layer was grown on this ridge stripe structure as the current 
injection layer. Then, He
+
 implantation was carried out for the 
n-InP layer to create highly resistive regions on both sides of 
the buried ridge stripe. After that, a 300 nm thick and 20 μm 
wide window SiO2 layer was deposited for further improving 
current confinement. After depositing a 300nm-thick 
AuGeNi/Au contact on the surface, a 4 μm width optical 
coupling window was opened with the buried ridge stripe in the 
center. Then, an AuZn layer was thermally evaporated on the 
back side after the p-InP substrate thinning. Finally, the wafer 
was annealed at 420 °C for 35 s to form a good ohmic contact. 
In the SOI region, two steps of ICP etching were used to 
form the slots and the ridge, shown in Figs. 4(a) and 4(b). For 
the first fabrication run photolithography was used to pattern 
the slots and ICP dry etching with Cl2/N2 gas combinations 
were used to form the slots. Afterwards a 500nm-height and 
3µm-width ridge was determined by the dry etching process. 
Metal lift-off technology was adopted to selectively deposit the 
bonding metal on each side of the silicon waveguide. A 
200nm-thick In/Cr was used as the bonding metal. This is 
widely used in metal bonding due to its good electrical and 
thermal conductivity. Finally the SOI wafer was thinned to 
about 100 µm thick in order to be diced into bars easily and to 
retain good emitting surfaces. 
Finally, the III-V wafer was cleaved to single chips of length 
300 µm and flip-chip bonded to the SOI wafer by a FINETECH 
Lamda A6 bonder with an alignment accuracy of ± 0.5 µm. The 
bonding process was done at 170 °C for 5 min under a pressure 
of about 2.3 MPa in N2 atmosphere. A scanning-electron 
micrograph (SEM) image of the final fabricated hybrid laser is 
shown in Figs. 4(c) and 4(d). 
 
IV. EXPERIMENTAL RESULTS 
The output power of the hybrid laser was measured from one 
facet of the device using a large-area photo-detector positioned 
in close proximity to the facet, to ensure maximum power 
output detection. Fig. 5 shows the measured light-current (L-I) 
and current-voltage (I-V) curves for the fabricated laser under 
continuous-wave regime at room temperature, which exhibits a 
threshold current (Ith) of about 21 mA corresponding to a 
threshold current density (Jth) of 2.325 kA/cm
2
. Considering 
two facets of the laser, the maximum output power is about 1.9 
mW with a slope efficiency of about 0.023 mW/mA at an 
injection current of 80 mA. The series resistance of the hybrid 
laser is 16.5 Ω. This is because the SOI wafer was thinned and 
diced into bars. From Fig. 5, the slope efficiency is not high and 
this is mainly because the high slot losses result in scattering 
losses and affect the performance. Besides, the imperfect shape 
 
 
 
Fig. 4. (a) and (b) SEM images of SOI with slots. (c) and (d) SEM 
images of III-V wafer bonded onto an SOI strip waveguide with slots. 
 
Fig. 5. Measured light-current (L-I) and current-voltage (I-V) curves 
under the continuous-wave regime at room temperature. 
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of the slots also influences the reflection. Further experiments 
with optimized parameters are in progress. 
The optical spectrum of the slotted hybrid laser was then 
measured and shown in Fig. 6(a). The output power was 
collected by a lensed multimode fiber placed near the silicon 
waveguide connected to an optical spectrum analyzer. From 
Fig. 6(a), it can be observed that a single longitudinal mode 
lasing spectrum of the silicon evanescent laser is presented at 
continuous injection current of 60 mA. The laser diode has a 
lasing peak of 1543 nm and the SMSR is approximately 37 dB. 
For comparison, the spectrum of the hybrid laser without slots 
was measured at the same test conditions, shown in Fig. 6(b). It 
is obvious that for the un-slotted hybrid laser it is a typical FP 
spectrum with many longitudinal modes. Comparing the two 
spectra, we observe that the spectrum of the hybrid laser can be 
modified by etching slots at a chosen spacing, width and depth 
in the SOI strip waveguide. As the injection current increases, 
the laser maintains single-mode operation as in Fig. 6(a), which 
demonstrates that the slots improve the wavelength stability of 
the single mode. Moreover, as the current increases, the 
dominant mode with the SMSR is around 30 dB as shown in 
Fig. 7(a). The drive current dependence of the prominent modes 
is shown in Fig. 7(b), which demonstrates the wavelength shift 
with a current is ~0.02 nm/mA. 
 
V. CONCLUSION 
In summary, we have designed and fabricated a single-mode 
evanescent hybrid laser with SAMB bonding method based on 
etching slots on the SOI platform. From the optimized slot 
parameters modeled by CAMFR, we obtain a threshold current 
of 21 mA with a maximum output power of 1.9 mW in the 
continuous-wave regime at room temperature. The results show 
that etching slots can provide a mode-selection mechanism. 
Only photolithography and ICP etching technology were used 
for the fabrication of the silicon waveguides. SMSR of around 
37 dB was obtained in experiments. The simplicity and 
flexibility of the fabrication process and a low process make the 
slotted hybrid laser a promising light source. 
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(a)                                                   (b) 
Fig. 6. (a) The optical spectrum of the slotted hybrid laser at the 
continuous injection current of 60 mA at room temperature. (b) The 
lasing spectrum of un-slotted hybrid laser at the same test condition. 
 
(a)                                                  (b) 
Fig. 7. Drive current dependence of (a) SMSR and (b) wavelength. 
